In this study, C-reactive protein (CRP) was detected by monitoring of LSPR shift promoted by precipitation of 4-chloro-1-naphthol (4-CN). The precipitation occurred by horseradish peroxide (HRP) catalyst which is modified at CRP-detection antibody utilized in sandwich enzyme-linked immunosorbent assay (ELISA) on gold nano bipyramid (GNBP) substrate. Due to 4-CN precipitates which are located nearby the surface of GNBP, local refractive index (RI) and molecular density were greatly increased. This phenomenon eventually induced strong spectral red-shift of absorption band of GNBP. An excellent linear relationship (R 2 =0.9895) between the LSPR shift and CRP concentration was obtained in the range from 100 pg/mL to 100 ng/mL and limit of detection (LOD) was reached to 87 pg/mL.
INTRODUCTION
A C-reactive protein (CRP) is an acute-phase inflammatory protein [1] synthesized in hepatocytes in response to inflammatory cytokinin (IL-6). Commonly, CRP has been used clinically for diagnosis and monitoring of autoimmune and infectious disorders [2] . Recently, chronic catarrhal inflammation is turned out important factor to generation and progression of atherosclerosis [3, 4] , and increasing concentration of CRP is related to future events of cardiovascular disorders [4] . The prediction of cardiovascular disorders can be determined with CRP concentration, e.g., < 1 μg/mL (low risk), 1-3 μg/mL (moderate risk), and > 3 μg/mL (high risk) [5] . For estimate risk of a slight inflammation and infection by virus or bacteria, typical CRP sensors focus the detection range above 10 μg/mL [4] . However, the probability of cardiovascular disorder is possessed in low CRP concentration below which is below 1 μg/mL defined as "low risk". Actually, many previously reports describe the need for detection limit under 200 ng/mL of CRP [2, 4, 6] . Therefore, it is required high-sensitivity CRP analysis which can detect low concentration of CRP indicating a future event of cardiovascular disorders.
Localized surface plasmon resonance (LSPR) sensors have given great attention for disease diagnosis due to its advantages such as sensitive, simple, rapid, label-free measurement, low-cost instrument, and requirement of low sample volume [7] . LSPR is a resonant oscillation of electrons in the novel metal nanoparticle (NP) along electric field wave. This oscillation is sensitive to surrounding refractive index (RI) value and molecular density nearby NP. When biomolecule exists on the surface of NP, it leads to local RI change and this promotes extinction peak shift of NP [8] . By observing LSPR shift, biomolecular detection is possible.
In this study, a sensitive LSPR immunosensor for CRP detection was developed using 4-chloro-1-naphthol (4-CN) precipitation inducing strong LSPR shift (Figure 1) . Briefly, CRP-capture antibodies were fixed on GNBP substrate via physisorption and then, ELISA was performed. When CRP was treated to the CRP-capture antibody-coated GNBP, HRP-labeled CRP-detection antibody was also bound to CRP. Afterward, 4-CN was reduced by horseradish protein (HRP) catalyst with hydrogen peroxide (H 2 O 2 ) and strong extinction spectral shift of GNBP was induced by a precipitation onto GNBP surface. By monitoring the LSPR shift, quantitative analysis of CRP was achieved with range from 100 pg/mL to 100 ng/mL, and limit of detection (LOD) was recorded as 87 pg/mL. Figure 1 . Illustration of the LSPR immunosensor for CRP detection using 4-CN precipitation on GNBP substrate.
EXPERIMENTAL SECTION

Synthesis of gold nano bipyramid (GNBP)
Gold nanopyramids were synthesized using a seed-mediated growth procedure. Briefly, to a seed solution, comprised of 10 mL of 0.2 M CTAB and 10 mL of HAuCl 4 , was added 0.6 mL of 0.1M NaBH 4 . The growth solution was prepared by slowly mixing 5 mL of 0.2 M CTAB, 5 mL of 0.001 M HAuCl 4 , 0.4 mL of 0.004 M AgNO 3 and 2.5 mL of 0.06 M hydroquinone. Then, 200 μL of the seed solution was added to the growth solution and the resulting solution was incubated for 3 days at 30 . Following that, the GNBP was centrifuged for 20min at 8000 rpm, and the pellet was dispersed in deionized water (DW) for removing the excess CTAB. The centrifugation/resuspension procedure was repeated twice. The synthesized GNBP using a seed-mediated method showed its size with a length of 90±1.22 nm and a diameter of 33±0.33 nm (data not shown).
Fabrication of GNBP substrate
The GNBP substrate was fabricated by using the following, previously described procedure [8] . Glass slides (25 mm x 10 mm x 0.15 mm) were cleaned with piranha solution at 65 °C for 30 min, rinsed with distilled water (DW) and ethanol, and immersed in an ethanolic 2% APTMS (Sigma-Aldrich, 281778) solution at room temperature for 1 h. The amine modified slide was treated with 1 M succinic anhydride (Sigma-Aldrich, 239690) in DMF (Sigma-Aldrich, 227056) at 37 °C for 12 h and then washed with DW. An amide bond forming coupling reaction was carried out by treating the succinic anhydride-modified slide with a 0.1 M EDC (Thermo, 22980) and 0.1 M NHS (Sigma-Aldrich, 130672) for 10 min, followed by immersion in 0.1 M cysteamine hydrochloride (Sigma-Aldrich, M6500) in DW. Finally, the thiol-modified glass slide was exposed to a solution of GNR or GNBP for 12 h. The presence of immobilized GNRs on the glass slide was confirmed using field emission scanning electron microscopy (FE-SEM, S-4700, Hitachi Ltd., Japan; Figure 2a ) and absorption spectrum (Figure 2b ). 
CRP assay using an enzyme-catalyzed precipitation on the GNBP substrate
To immobilize CRP-capture antibody (Abcam, ab31156) on the GNBP substrate, a 100 μL phosphate buffer saline (PBS pH 7.4) containing 10 μg/mL CRP-capture antibody was loaded on the chip for 1hr at RT. For preventing non-specific binding, a 100 μL of 1% bovine serum albumin (BSA) in 1x PBS was treated and incubated for 1hr at RT. The CRP antibody-coated chip were reacted in 100 μL PBS solution that contained different concentrations of recombinant CRP for 1hr at RT. The sandwich assay was performed for 1hr with 100 μL of 1 μg/mL of horseradish peroxide conjugated CRP-detection antibody (Abcam, ab24461) in PBS solution.
The enzyme-catalyzed precipitation reaction is triggered by the adding 100 μL of 0.5 mM 4-CN and 1 mM H 2 O 2 in PBS buffer for 30 min. Finally, 4-CN substrate produces insoluble precipitates on the GNBP surface and increased the change in LSPR peak.
Measurement of LSPR spectra
The GNBP substrates were fixed to a transparent 96 well plate cover. And, absorption spectra were recorded in the range from 650 to 900 nm wavelength in each reaction step using a 96 well plate reader (Infinite M200pro, TECAN Group, Ltd., Switzerland).
RESULTS AND DISCUSSIONS
The one of the famous NP is a gold nanosphere (GNS). The GNS is easy to be synthesized and widely used for development of sensor. However, anisotropic nanoparticle such as GNBP exhibit higher RI sensitivity than spherical NPs [9] . So, GNBP is utilized to design the LSPR-based CRP sensor. Figure 2 shows the LSPR spectra of GNBP substrate measured after each step of the antibody immobilization and assay process. Briefly, when target antigen existed, CRP-capture antibody and HRP-labeled CRP-detection antibody formed sandwich complex via antibody-antigen interaction. After the CRP-capture antibody immobilized on GNBP substrate, there were no significant red-shift of longitudinal peak in LSPR spectrum (Figure 3a) . Commonly, sensing distance of LSPR field is ~20 nm [11] . However, the size of antibody is about 15~20 nm. This means that measurement of CRP/antibody binding event though LSPR shift is difficult. Therefore, we applied enzymecatalyzed precipitation reaction to overcome this limitation which can induce additional RI change [12] .
In this study, the enzyme-catalyzed 4-CN reduction forming insoluble precipitates was produced by reaction between enzyme and substrate. These insoluble precipitates were located on the GNBP substrate, and this occurred large change of local RI by existing in sensing distance of GNBP. As shown in Figure 3b , a strong shift to longer wavelength region of the longitudinal peak in LSPR spectrum is clearly promoted with degree of Then, the proposed sensing method was applied to quantitative analysis of CRP. Different concentrations of CRP were bound to the CRP-capture antibody immobilized on the GNBP substrate, and sandwich assay was performed in order. As shown in Figure 4a , a gradual spectral red-shifts of GNBP absorption spectra were acquired along with variations of CRP concentration such as 0, 0.1, 1, 10, 100, and 1000 ng/mL. An excellent linear relationship (R 2 =0.9895) between the LSPR shift and CRP concentration was obtained in the range from 100 pg/mL to 100 ng/mL with a LOD of 87 pg/mL (Figure 4b ). Considering that detectable CRP concentration below 200 ng/mL is needed as mentioned above, the sensitivity and detection range is adequate and acceptable for sensitive CRP detection although this sensor is difficult to measure above 1 μg/mL CRP. Therefore, it is expected that the developed CRP sensor can be applied to low concentration quantitative analysis of CRP and this will help to diagnose initial and to predict future cardiovascular disorders. 
SUMMARY
In the investigation described above, we developed sensitive LSPR immunosensor for CRP detection using 4-CN precipitation. By the enzyme-catalyzed 4-CN precipitation reaction, strong LSPR shift was promoted after the sandwich structure formed by the CRP-capture-antibody/CRP/detection-antibody binding event. This LSPR shift enabled the quantitative analysis of CRP from 100 pg/mL to 100 ng/mL with good linearity (R 2 =0.9895),
